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ABSTRACT
This report describes the development and evaluation of
an inorganic bonding method for semiconductor strain gages
for use in space and ultra high vacuum applications. Included
are a discussion and the experimental results of the two
basic methods for inorganically bonding a semiconductor
strain gage to a metallic substrate. One method is to use an
inorganic material such as glass as the bonding material; the
other is to form a metallic bond between the strain gage and
the substrate.
Conventional -organic
 epoxy adhesives outgas when exposed
to ultra high vacuum, and as operating temperatures are
increased they begin to exhibit plastic behavior causing
hysteresis and zero instability in the transducer. The use
of an inorganic glass as the bonding material has resulted
in a significant advance in transducer fabrication technology
for the following reasons:
1. The outgassing of transducers in high vacuum applica-
tions is minimized.
Z. Mechanical properties of the transducer such as hys-
teresis and repeatability are improved.
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3. The electrical isolation of the strain gages from the
metallic elements of the transducer is increased at high
temperatures over that provided by epoxy. Also, the glass
bond can survive and operate in severe radiation environments,
wherein the epoxy adhesive will suffer either temporary or
permanent loss of its dielectric strength.
4. Glass bonding techniques are particular..y useful for
the extension of the temperature range of operation of silicon
strain gage transducers.
Nispan C and 440-C Stainless Steel substrates were used
with glass bonded silicon strain gages to fabricate trans-
ducers for evaluation. While the glass bonding technique has
been very successful, the use of a metallic bond between the
silicon strain gages and the force collecting substrate is
difficult, but worthy of further investigation. Also highly
desirable is the development of a piezoresistive transducer
for high temperature operation (approximately 800 0F). Although
the silicon elements can withstand these temperatures,
previous attempts to construct high temperature transducers
were limited by the thermal degradation of organic adhesives.
Since the devitrifying pyroceram glass upon cooling can be
reheated to a relatively high temperature without remelting,
the sensing portion of the transducer now has the high tempera-
ture potential previously limited by organic adhesives.
Ic
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I	 INTRODUCTION
The performance of transducers using piezoresistive
semiconductor strain gages for space and ultra high vacuum
applications can be improved by the use of inorganic bonding
materials. The gages are thin bars of single crystal material
which are attached or bonded to the deflecting elements of
the transducer. Conventional organic epoxy adhesives used
to attach the gages have excellent mechanical properties when
used within their design limits. However, they outgas when
exposed to ultra high vacuum, and as operating temperatures
are increased (greater than 350 0F) they begin to exhibit
plastic behavior causing hysteresis and zero instability in
the transducer. The objective of this study was to replace
the organic adhesives currently being used with an inorganic
bonding material in order to minimize outgassing in ultra high
vacuum applications and otherwise improve the electrical and
mechanical properties of semiconductor strain gage transducers.
Thus, a further objective was to determine a bonding method
which would lead to a significant advance in the high tempera-
ture applicability of the silicon strain gage transducer.
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Such a bond should have enhanced mechanical properties as
well as good electrical isolation at the temperatures of
interest.
There are two basic methods for inorganically bonding
a semiconductor strain gage to a metallic substrate. One
method is to use an inorganic material such as glass as the
bonding material; the other is to form a metallic bond between
the strain gage and the substrate. Both methods were investi-
gated and the glassing method was used with 440-C Stainless
Steel and Nispan C metallic substrates to fabricate a number
of transducers for evaluation. Test results on the glass
b.5nded transducers are in excellent conformance with the Design
Goals of Section II. Among the characteristics studied are
electrical isolation of the strain gages from the substrate,
bonded resistance changes, compressive effects on the strain
gages, ultimate strain capabilities, flexibility, transducer
output versus strain, linearity, hysteresis, and temperature
effects on output and zero,stability.
2
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II	 DESIGN GOALS
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This section lists the design goals of an inorganic
bonding method for semiconductor strain gages for space and
ultra high vacuum applications.
a. Inorganic materials which will minimize outgassing
when exposed to vacuum of 10 -12 torr.
b. Electrical isolation of the strain gages.
C. Maximum thermal compatibility with substrate.
1. Compatible substrate must possess the following
minimum properties:
a. Modulus of Elasticity: 20x10 6 psi
b. Yield Strength:	 50,000 psi
C. Elongation:
	
6%
2. Additional substrate to be investigated is 440-C
Stainless Steel.
d. Mechanical flexibility and adherence.
e. Moisture protection.
f. Strain capability of ±1500 pin/in for 10 7 cycles.
g. Temperature Range (Survival) -100 0F to +200oF
h. Temperature Range (Operating) -20 0F to +1600F
i. A desired gage factor of 100 (50 minimum)
3
j. In a two leg voltage
voltage across one strain ga
±.07o at ambient temperature
temperature range.
k. Linearity within ±20
temperature) and ±5% at full
range.
divider circuit, the unstressed
ge resistor shall be stable within
and ±.15% over the operating
at full scale output (ambient
output over the temperature
If
4
III  GLASS BOND I14G
1. Properties of Pyroceram
Relatively low melting point glasses of the type known
as Pyroceram manufactured by the Corning Glass Company were
investigated as materials which might satisfy the design goals
for an inorganic bonding material for semiconductor strain
gages. Pyroceram Brand Cement #89 was selected as the most
promising for the attachment of gages to metallic transducer
elements primarily because its firing temperature range of
4250C to 4500C is considerably lower than that of vitreous
glasses and is compatible with certain lead attachment methods
to silicon. When prepared for use it is essentially a finely
powdered glass held in suspension by a low viscosity vehicle
containing nitrocellulose in amyl. acetate. Table I lists the
important physical and electrical properties of Pyroceram #89
taken, from the manufacturer's literature.
Upon heating the glass melts and wets the silicon and
metallic surfaces (thus the analogy "solder glass") without
the necessary metallic oxide buffer layer employed in vitreous
glass seals. It also has greater mechanical strength than
5
s^^s
vitreous glasses because of a crystalline phase dispersed
throughout the glassy matrix during curing. Upon cooling, the
devitrifying pyroceram may be reheated to a relatively high
temperature without further melting. The fired glass has a
coefficient of linear thermal expansion between 8 and 9 parts
per million per degree centigrade, determined by the crystal-
line content of the glass. This property of the glass enables
one to adjust for optimum bonding characteristics by varying
the firing temperature and the firing time.
In addition to 440-C Stainless Steel, Nispan C and Invar
metals were used as substrate materials. Nispan C and Invar
have fairly low expansion coefficients suitable for use with
silicon strain gage elements and can be glassed. Table II
lists -the typical mechanical properties and physical constants
of these metals. The use of Invar as a substrate material
was discontinued, however, because its yield strength of
40-60,000 psi is low and may not meet the technical require-
ments listed in the Design Goals of Section II.
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2. High Temperature Contacts to Silicon Strain Gages
Various lead attachment methods to the silicon strain
gages were evaluated to determine their compatibility with
the relatively high bonding temperatures being used. By
proper choice of silicon resistivity, ohmic contacts can be
obtained by microwelding gold, silver, aluminum, and platinum
wire directly to silicon. All except gold are useful contacts
for this investigation and are unaffected electrically by the
high temperatures used in glass bonding. Gold is not useful
as a lead material because the gold-silicon eutectic tempera-
f.. ture of 3700C is below the firing . temperatures used.
A particularly useful lead attachment method is the
microwelding of a gcld or a gold-plated silver lead wire to
a nickel plated contact land on the silicon strain gage. This
contact was extensively investigated and found to be unaffected
by temperatures up to 700 0C for periods up to 30 minutes at
temperature. The contact deteriorates at 720 0C and is no
longer ohmic after 30 minutes at this temperature, although
it retains its mechanical strength.
3. Glass Bonding Techniques
a. METHOD
Experiments with Corning Glass Pyroceram Brand Cement
#89 were undertaken to establish firing schedules which are
7	 1
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compatible with the attachment of silicon strain gages to the
substrates 440-C Stainless Steel and Nispan C. The variables
considered were the surface condition of the substrates,
method of application of the glass, firing or curing tempera-
ture, firing times of 10 minutes, 30 minutes and 1 hour, and
cooling rate. The following method has been selected as one
that gives consistently satisfactory results:
1. Polish substrate with emery paper.
2. Degrease substrate and strain gages in trichlorethylene.
3. Spread one drop of suspension vehicle on substrate.
Spread thinly.
4. Position strain gages.
5. Dry for two hours at 75°C to allow for evaporation of
solvents in suspension vehicle.
6. Place assembly directly into 430°C furnace.°
7. Fire for 10 minutes.
S. Withdraw assembly (air quench).
	
With this bonding method the appearance of the glassing 	 I
	is smooth and continuous, the strain gages unbroken, and the 	 4
ohmicity of the gage resistance was not impaired.
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b. Electrical Isolation from Substrate
Isolation between the silicon strain gages and the force
x
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g
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collector, or substrate, was measured using a Hipotronics
Model M 6-A Megohmeter. In all cases, the isolation resis-
tance was greater than 10 5 megohms at 50 volts D.C., and
independent of polarity.
C. Bonded Resistance and Compressive Effects
When a semiconductor strain gage is bonded to a metal
having a larger coefficient of linear expansion, and the bond
is made with an intermediate material such as an adhesive
that must be cured at an elevated temperature, the gage will
be subjected to compressive strain when cooled to room tempera-
I
ture. This will cause the bonded resistance to be different
than the unbonded strain gage resistance. The bonded resis-
tance, R', is given by
R' =
	
R [1- (am - aSi ) (Tc	 T) G1
i
where,	 R = the unbonded strain gage resistance
a =
m	
the coefficient of expansion of the metal to
^s
which the gage is bonded.	 {
aSi = the coefficient of expansion of silicon.
rI
T  = the temperature at which the adhesive sets up
as a solid during the curing process.
T	 room temperature, or a reference temperature.
9
G = the gage factor of the strain gage = the
fractional change in resistance per unit
strain (R )
The equation above for the bonded resistance assumes
that the coefficient of thermal expansion of the adhesive has
a negligible effect, and that the coefficients of expansion
of silicon and the metal substrate are independent of tempera-
ture. However, the calculation can be used to obtain a quali-
tative idea of how the unbonded resistance of the strain gage
will change with bonding. For example, in this work we have
used the Kulite Type UFP-500-060 silicon strain gage having an
unbonded resistance value of 500 ohms bonded to Nispan C.
Using am = 3.8 ppm/0F O, aSi = 1.4 ppm/0F, and T  = 43000
(806oF),
R' = 380 ohms, approximately
Actual bonded resistance values obtained using the 10 minute
firing time have ranged between 349 ohms to 386 ohms, Table III.
The longer firing times resulted in a bonded resistance range
of 309 ohms to 340 ohms, which may reflect the effect of the
coefficient of-'expansion of the glass during the resultant
cooling.
The amount of compressive strain to which the gage has
been subjected due to cooling from the curing temperature
C`
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used for glass bonding can be computed.with the equation
AR
E	 RG
where, E = compressive strain
AR = decrease in resistance of the resistance compared
to the unbonded resistance value.
R = the unbonded gage resistance.
G = gage factor = 140 for the UFP-500-060 silicon
strain gages.
For example, using Side 1 of Beam Number 15, Table IV,
i
E _
	
(500-366)	 _	 134	 = 1900 microinches
	
(500)(140)
	 7x104	 inch_
The resistance changes and compressive strains due to
glass bonding to substrates of Nispan C and 440 -C Stainless
Steel are tabulated in Tables III and IV. All strain gages
used were Kulite Type UFP-500-060 silicon strain gages.
The data of Tables III and IV are summarized below to
present a comparison of the results with the two substrates
at identical firing times.
-t
^	 I
11
Rangi Of
Substrate	 Firing Time	 Compressive Strain
Nispan C	 10 minutes	 1890-2160 microstrain
	
440-C	 11
Nispan C
	
30 minutes
	
2380-2720
	
440-C
	
1980-2400
Nispan C	 1 hour	 2290-2530
	
440-C	 It
I C
As is seen in the tabulation above, there is little difference
between the 30 minute and 1 hour firing schedules as to the
compressive strains introduced into the strain gage with a
particular substrate material. However, less compressive
strain is obtained with a 10 minute firing schedule. The
ability to vary the amount of compressive strain introduced
into the strain gage by the bonding schedule may be useful
in particular transducer applications. For example, silicon
strain gages are stronger in compression than in tension,
typically withstanding approximately 7000 microinches/inch in
compression and 4000 microinches/inch in tension. Thus, the
range of operation of an installation such as a glass bonded
silicon strain gage on a cantilever beam is extended in
tension, as far as the strain gage itself is'concerned,.by
12
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the amount of precompression in the gage due to bonding.
The limiting factor is more likely the ultimate strain capa-
bility of the glass in tension which seems to be between
3500 and 4500 microinches per inch from test results to be
presented in a subsequent section.
d. Temperature Characteristics
The temperature coefficient of the bonded strain gage
will differ from the temperature coefficient of the unbonded
strain gage because of the differential thermal expansion
during curing. The apparent temperature coefficient of
resistance of the bonded gage is obtained by differentiating
the 'log of the expression for the bonded resistance, R', with
respect to temperature, To
1	 dR'1 dR_	 + S
R' dT	 R dT
where R dT = the temperature coefficient of resistance
of the unbonded gage.
= a correction term resulting from the fact
that the bond is made with an intermediate
material such as glass that is cured at an
elevated temperature, and the gage is sub-
d
'rill
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jected to compressive strain when cooled
to room temperature.
' r
The correction term is given by:
G dT (Tc-Tj (am- aSi ) G
1	 (Tc-T) (am aSi) G
where	 G = gage factor
1 dG = the unbonded temperature coefficient ofG dT
gage factor.
Using a Kulite Type UFP-500-060 strain gage glass bonded to
a Nispan C substrate as an example for a calculation.of the
bonded coefficient of resistance to be expected,
	
G dT	 = -11%/1000F = -11x10-4/oF 	(from Fig. 2)
	
( am- aSi )	 (3.8 - 1.4)10 -6/0F 	= 2.4x10-6/0F
	( Tc-T)	 _	 (8060F - 760F) = 730°F
G	 = the gage factor = 140
Thus, the correction term, ^ , is calculated to be equal to
8x10-4/0F, or 8 %/ 1000F. The temperature coefficient of
resistance of the unbonded strain gage, Figure 2, is
11%11000F. Therefore, the bonded TCR should be approximately
14
1	 dR' = ll%/100 0F +R' dT 8%/1000F = 19%/100oF
Tables V and VI summarize some of the experimental results
for the bonded TCR on Nispan C and 440-C Stainless Steel,
respectively. A range of values between 17.4%/100 0F to
19.4%/100 0F was obtained using a Nispan C substrate, in good
agreement with the calculation above. On the 440-C Stainless
Steel substrates the range of bonded TCR's was 21.3%/1000F
to 23.4%/1000F. The firing time used in the glass curing
schedule does not appear to affect this parameter.
It should be noted thatthe above derivation does not
take into account any properties of the adhesive other than
the curing temperature. This is a perfectly valid assumption
for very thin layers of adhesive. In the present work the
glass thickness is of the order of .001". Thus, the thermal
properties of the glass may influence the thermal properties
of the resulting transducer. Since the expansion coefficient
of the glass is greater than Nispan C and less than the 440-C
Stainless Steel, one would expect that the thermal properties
of the transducers made with the two materials would be
closer together than the above theoretical calculations might
indicate.
15
e. Ultimate Strain and Flexibility
Figure 3, (Kulite Drawing K10116), is a drawing of the
geometry of the substrate beams used in the initial glass
bonding experiments. These beam-r, were used to evaluate the
ultimate strain capabilities of glass bonded silicon strain
gages, as well as the required strain capability of ±1500
microstrain for 10 7 cycles. The 440-C Stainless Steel beams
were har&^--,ned to a spring temper, xc^kwell 54C.
The mechanical adherence of the glass bonded strain gages
to the 440-C Stainless Steel is excellent. Table VII
summarizes the evaluation of the ultimate strain capability
of test assemblies in both tension and compression. They
show that the strain capability of the glass in tension is
approximately 4,000 microinches/inch, and in compression is
over 5,000 microinches/inch. In these tests, the load was
applied to the beams to obtain 140 microinch strain increments,
until the strain gage was broken or the test discontinued.
Gage resistance was monitored and failure observed as a sharp
increase in resistance.
Three each of the glass bonded 440-C and Nispan C
assemblies were cycled at ±1500 microinches/inch for 107, 	
t.
cycles without damage. After cycling the zero of the half-
bridge configurations in which they were connected was within
experimental error of the initial zero.
16	
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tIV METALLIC BONDING
A metallic bond, or eutectic bona, between the silicon
strain gage and the force collecting substrate requires the
use of a p-n junction isolated strain gage or strain gage
bridge. The strain sensing portion of the silicon is a
diffused strain gage isolated from the silicon substrate by
the presence of a p-n junction, and the silicon substrate in
turn is eutectically bonded to the metallic force collector.
The metallic substrate and the silicon substrate are coated
with gold and the bond is made by heating the sensor and
force collector in intimate contact above the silicon-gold 	 1
eutectic of 3700C. Melting at the interface will then occur.
During the subsequent cooling, the dissolved silicon redeposits
on the single crystal substrate resulting in an intermetallic
bond. The difficulties of this method are associated with
the need for a uniform and complete bond over the entire
area of the strain gage that is necessary for the faithful
transmission of strain to the diffused strain sensing ele-
ments, and the fragility of the silicon sensor due to its
relative thinness also necessary for the faithful transmission
17
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of strain.
Adherent films of pure gold and of the gold-silicon
eutectic composition were vacuum evaporated to Nispan C and
440-C Stainless Steel substrates. The adherence of the
evaporated films was tested by scraping the surface with a
wooden dowel. Non-adherent layers characteristically flake
upon scraping. Adherence was improved by heating the substrates
to temperatures in excess of 4000C during the evaporation.
Film thicknesses of five to ten thousand angstroms were used
in this work. The vacuum evaporated films of pure gold to
the highly polished silicon sensors were not as adherent as
were those using the gold-silicon eutectic composition as an
evaporation source. Besides the better adherence, another
advantage of the gold-silicon eutectic- alloy is that this
alloy will melt at the eutectic temperature and wet the
silicon. If a pure gold]ayer were used instead, more intimate
contact between the gold and silicon is required to initiate
the eutectic formation.
Alloys in general are more difficult to control in an
Q
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evaporation process because they tend to fractionate at high
temperatures. Therefore, it is necessary to evaporate them
quickly using a fast heating "flash" source of heat. Because
the heating efficiency of multi-strand wire versus single
18
Iwire is higher due to less radiation loss for a given current
level, the source filament was constructed of three twenty-
five mil diameter tungsten wires twisted together to form a
coiled basket. Chips of the gold-silicon eutectic alloy were
placed in the basket without prewetting and a fifty amperes
current level flash evaporated the alloy. The silicon was
heated below the 370 0C eutectic temperature during the evapora-
tion to promote better adherence. Beating the silicon above
the eutectic temperature results in an agglomeration of the
film resulting in patchy wetting. The following tests were
made to characterize the evaporated layers:
First, the film was heated to the eutectic temperature
to determine if the composition was of eutectic nature. It
.instantaneously melted, and solidified upon cooling indicating
the required amount of silicon present.
Secondly, the adherence of the evaporated layers was
tested by scraping with a wooden dowel. Adherent films were
not flaked off. Good adherence of this intermediate layer
was stressed because during the subsequent bonding operation
a mechanical scrubbing action may be necessary to form the.
•	
f
bond.
Relatively thick silicon chips, approximately .010°'
thick, were successfully bonded to the metallized Nispan and
i
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440-C force collectors by placing the chips and force collector
in intimate contact, heating slightly above the eutectic
temperature of 370 0C in an inert atmosphere, and mechanically
scrubbing the two together before cooling. However, atterrnpts
at bonding silicon sensors below a thickness of .003" resulted
in breakage of the sensors. For optimum strain transmission
to the diffused strain gage it will be necessary to bond
sensors of thicknesses approximately .001" - .002". To
accomplish this, mechanical fixturing problems to eliminate
breakage of the sensors must be solved. Also, because of the
thinness of the silicon sensor better control of the depth of
penetration of the gold-silicon eutectic composition into the
sensor must be obtained.
^j. it was felt that the objectives of the program could not
be met within the time limitations of the contract using a
metallic bonding method, and work on it was discontinued to
concentrate on the glass bonding investigation.
1
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EXPERIMENTAL GLASS-BONDED
HALF-BRIDGE TRANSDUCERS
Experimental half-bridge transducers were made by glass-
bonding strain gages to the cantilever beams shown in Figure 3.
With strain gages bonded can each side, one strain gage is in
tension and the other in compression when strain occurs due
to loading of the beam. The strain at any point on a canti-
lever beam of this type is given by:
e	 =	
6 W(k-x)
X	 Ybt2
where, W = load applied to end of beam
k = unclamped length of beam
X = distance measured from clamped end
Y = Young's modulus
b - width of beam
t = thickness of beam	 -=
The transducer beams were connected electrically in a half-
active Wheatstone bridge configuration by putting the strain
'4	 I
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gages in adjacent arms of the bridge and completing the bridge
with external, fixed resistors. The Wheatstone bridge is
energized by applying a regulated voltage across two opposite
corners. A voltage output proportional to the product of the
excitation voltage and the resistance changes of the strain
gages appears across the signal terminals. Figure 4 illus-
trates the Wheatstone bridge configurations commonly used as
strain gage transducer circuits. The output of the half-bridge
used in these experiments is:
e 
	 OR
V	 2R
where e  = output or signal voltage, usually expressed in
Millivolts.
V = input voltage
AR = resistance change due to loading of transducer.
R = unstrained resistance of strain gages.
The sensitivity of a constant voltage strain gage bridge
circuit is generally discussed in terms of the'ratio of the
change of signal voltage to excitation voltage for some fixed
change of strain.
Tables VIII and IX summarize the test results oi.-,half-
bridge transducers using Kulite Type UFP-500-060 silicon-
,i
a^	 11
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strain gages glass-bonded to 440-C Stainless Steel and Nispan C
force collectors, respectively. The full scale strain level
is only approximated because loading conditions of short
beams such as these are not ideal, and the strain was calcu-
lated using assumed values for Young's Modulus of 26x10 6 psi
for Nispan C and 29x10 6
 psi for 440-C Stainless Steel. Since
the output of a half-bridge is given by:
	
AV 	 1 AR _ 1 G
	
V	 2 R
	
2
where s = the strain level
^	 G = gage factor
^l
we can compute the approximate gage factor obtained from
G = 2 AV
e V
Using the data for the Nispan C beams with an average strain
level of 1125 microinches/inch and an average output of 87
millivolts/volt,
G =	 2	 -3 (.087)	 154
1.125x10
A similar calculation :•pith the 440-C gives a slightly larger
23
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value. These values are within experimental error and the
results are considered typical for glass-bonded transducers
made with this resistivity strain gage.
Zero return, hysteresis, and non-linearity are excellent.
The return to zero after being loaded is within 0.35 milli-
volts in the worst case for Beam #18 using 440-C Stainless,
with 0.20 millivolts more typical. Hysteresis ranges from
.02% to .15% of full scale.
Best fit linearity is typically 0.5% of full scale.
However, transducer non-linearity is not caused entirely by
the non-linearity of the strain gages. Because of the fact
that large resistance changes per unit strain are obtained
with semiconductor gages, the bridge resistance itself will
change if thetension gage sees more strain than the compres-
sion gage, for example. Consequently, the current in the
bridge will change and this can cause a non-linear output.
It is important that the placement of the gages on the trans-
ducer beam be such that the tension'and compression gages are
equally strained. If all of the gages on a beam have the
same strain sensitivity curves and are bonded at the same
pre-strain level, equal tension and compression strains on
adjacent sides of the bridge will give essentially a linear
output.
24
The uncompensated thermal zero shifts and the tempera-
ture effect on bridge output sensitivities were measured
over the temperature range of -20, 0 F to +1800F. Values for
the thermal zero shifts are in the range of .001 to .017%
full scale per OF based on a strain level of 1500 microinches
per inch and 3 volts input voltage. It should be noted that
these are uncompensated thermal zero shifts due to the varia-
tion of the bonded temperature coefficient of resistance
between gages. A trimming operation can be performed to
f
improve zero or no-load temperature characteristics.
The effect of temperature on -the bridge output sensitivity,
often referred to as span sensitivity, is approximately -7%
to -9% per 100 0 '.	 The decrease in output with temperature is
• result of the temperature sensitivity of gage factor and is
• function of the resistivity of the silicon, Figure 2. 	 All 1
the transducers mentioned above used Kulite Type UFP-500-060
silicon strain gages.	 This temperature dependence can be
reduced by using strain gages having a higher impurity doping
level, that is, a lower resistivity, at some sacrifice in the
gage factor.	 A lower resistivity gage, Kulite Type UCP-120- }
090, reduces the span sensitivity to values between -4% to
-6% per 1000F.	 Table X gives the temperature characteristics
of transducers made with this type gage mounted on 440-C
Stainless Steel substrates. 	 The data for a typical unit is
s
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plotted in Figure 5. Because of its better temperature sta-
bility of gage factor, this gage was chosen for the deliverable
NASA transducers. Compensation techniques for the decrease
in output with temperature are available, the simplest with
constant voltage excitation being the insertion of a series
resistor in the input to the bridge. The bridge excitation
voltage can be made to increase at the same rate at which
the gage factor decreases, thus obtaining temperature compen-
sation.
c
.,	 ,
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VI RESULTS ON DELIVERED ITEMS
Twenty-four half bridge transducers were fabricated
using the glass bonding techniques discussed previously for
delivery to NASA, Goddard Space Flight Center. The force
collecting element of these transducers is a constant stress
beam conforming dimensionally to the drawing of Figure 6.
Twelve were made with Nispan C and a like number with 440-C
Stainless Steel substrates, using Kulite Type UCP-120-090
r
silicon strain gages for both groups.
A method of wiring the glass bonded transducer assembly
without organic adhesives for attachment of contact tabs is
used. The contact pads used to connect the .002" diameter
leads from the strain gages to external leads are thin
ceramic disks metallized on both sides. The disks are soldered
to the inactive support section of the substrate beam, providing
the required strength to the assembly and isolation of the
half-bridge circuit. The external leads are single conductor
Tensolite U.T. (ultra thin molded teflon insulation) #32 gage
copper wire.
E
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n
SA micrometer .loading fixture using a precise micrometer
with scale graduations of .0001" for deflection of the tip
of the constant stress beams was built to test these trans-
ducers. Figure 7 is a calculated curve of strain versus
deflection for the beams. Transducer characteristics were
measured through a range of deflection of .040", corresponding
to a strain level of approximately 1500 microinches/inch.
Tables XI and XII give the output data at room tempera-
ture and the calculated hysteresis and nonlinearity of typical
NASA transducers using 440-C Stainless Steel and Nispan C
substrates, respectively. The full scale strain level is
approximately 1500 microinches/inch at a deflection of .040".
Room temperature outputs range from 235 to 300 millivolts
with an input voltage of 3 volts. Zero return, hysteresis,
and nonlinearity are comparable to the results on test beams
previously discussed. The return to zero after being loaded
to 1500 microinches/inch is within 0.3 millivolts. Combined
nonlinearity and hysteresis is within 0.8% full scale.
The uncompensated thermal zero shifts and the tempera-
ture effect on bridge output were measured over the tempera-
ture range of -20 0F to +1600F. Values for the thermal zero
shifts are approximately.01% (maximum) full scale per 0F.
is less than ±5% of the full scale output, over the tempera-
ture range -200F to +1600F.
Calibration curves for each of the twenty-four trans-
ducers giving output versus deflection at the temperatures
-200F, 700F and 160 0F are included in the figures (Figures 8
through 31).
A
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VII CONCLUSIONS AND RECOMMENDATIONS
Inorganic bonding methods for attaching semiconductor
strain gages to the metallic force collector of transducers
have been investigated using Pyroceram glass as the bonding
material and eutectic bonding. The pyroceram bonding technique
has been very successful.
The use of Pyroceram has made practical the construction
of unique force collectors with many desirable features.
Conventional organic epoxy adhesives outgas when exposed to
y	
ultra high vacuum, and as operating temperatures are increased
they begin to exhibit plastic behavior causing hysteresis and
zero instability in the transducer. Re placement of the organic
bonding material with an inorganic glass has resulted in a
significant advance in transducer fabrication technology for
the following reasons:
1. The outgassing of transducers using piezoresistive semi-
conductor strain gages for space and ultra high vacuun; appli--
cations is minimized. Organic cements contain hydrocarbons
which can dissociate under vacuum
,,
,or high temperature, giving
rise to deleterious outgassing. This not only interferes
with many measurements but seriously deteriorates the mechanical
bond. The pyroceram on the other hand has proven applicable
30
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in hard vacuums such as those encountered in high temperature,
RF frequency vacuum tubes. Inherently such a bonding method
is more suitable for use in a space environment.
2. Mechanical properties of the transducer such as
hysteresis and repeatability are improved. The shear modulus
of the pyroceram is 3x10 6
 psi which is about a factor of 10
greater than most epoxies. This greater shear stress reduces
hysteresis in the bond between the sensor and the force collector.
3. The electrical isolation of the strain gages from the
metallic Elements of the transducer is increased over the
epoxy at the higher temperatures. At temperatures in the 700
to 8000F region the volume resistivity of the glass is still
generally greater than 10 10
 ohm-cm. Moreover, under intense
gamma or neutron radiation, an epoxy cement will suffer either
temporary or permanent loss of its dielectric strength. Thus
even if the gage element is essentially unaffected by radiation,
a condition that can be assured with a highly doped semi-
conductor gage, the installation will not be serviceable in
these environments. On the other hand the glass being inorganic
	 f
is not as susceptible to this type of-degradation, and there-
fore the bond will remain serviceable and can operate in
severe radiation environments.
4. Applicability of the bonding method to the development
of high temperature (up to 800-9CO 0F) silicon strain gage
transducers.
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As a result of this investigation, we recommend the
following:
1. The techniques used in this investigation are particu-
larly useful for the extension of the temperature range of
operation of silicon strain gage transducers. Lead attachment
methods to the silicon strain gages compatible with the high
glass-bonding temperatures have been developed. Since the
denitrifying pyroceram glass upon cooling can be reheated to
a relatively high temperature without remelting, the sensing
portion of the transducer now has the high temperature potential
,)reviously limited by organic adhesives. This sensing element
used in conjunction with an all-welded transducer housing
construction, for example, and high temperature auxiliary
r
hardware can extend the temperature range of operation of
silicon strain gage transducers to 800 0F. The development of	 I"'
a piezoresistive transducer for high temperature operation is
highly desirable.
2. By glassing gages to a thin metallic substrate, it may
be possible to construct a strain sensor which can be welded
to a specimen to determine the strain therein. Such a strain 	 a
`i
sensor should have the desirable features of the transducers
constructed during the course of this contract which are not
available using conventional techniques.
32
•	 't
,f
__ ._
I C
3. The use of a metallic bond, or eutectic bond, between
the silicon strain gages and the force collecting substrate
is difficult, but worthy of further investigation. The
difficulties of this method are associated with the need for
a uniform and complete bond over the entire area of the strain
gage, and the fragility of the silicon gage due to its
relative thinness. Both a uniform bond and a thin sensor
are necessary for the faithful transmission of strain.
Mechanical fixturing methods must be developed, and better
control of the depth of penetration of the Au-Si eutectic
compositio. Lnto the sensor must be obtained for transducer
applications of a metallic bond between strain gage and
substrate. The advantages of such an inorgani:N bond are
essentially those discussed above for a glass bonding material,
with the likelihood of even less outgassing in ultra high
vacuum environments.
IV'
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TABLE I
Physical and Electrical Properties
of Pyroceram Brand Cement #89
t
ii
;a
Young's Modulus
Shear Modulus
Poisson's Ratio
Modulus of Rupture at 250C
Modulus of Rupture at 4000C
Density
Coefficient of Thermal
Expansion
Log DC Resistivity at 2500C
Dielectric Constant at 250C
7.4x106 psi
3.0x10 6 psi
0.25
6000 (ave.)
4800 (ave.)
6.3
85 to 92x1 0 7 cm/cm/oC
8.60
20 (approx.)
i
No loss in weight in Humidity Chamber
(90% Relative Humidity, 500C)
If
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TABLE II
Mechanical Properties and Physical
.Constants of Nispan C and Invar (Typical)
Yield Strength (0.20 offset)	 125,000 psi	 40,000-60,000 psi
Tensile Strength	 150,000 psi	 ,71,000
Hardness Brinnell	 300	 132
n Density 1b/cu.n.	 0.294	 0.293
Specific Gravity	 8.15	 8.11
Melting Point ( 0F)	 2650 - 2700	 2600
Thermal Expansion	
0	 1.02 ppm/0F(15-1000F)Coefficient	 3.8 ppm/ F 2.43 ppm/ F(15-250 F)
Modulus of Elasticity	 26 x 10 6 psi
	
21 x 10 6 psi
Elongation (in 2 inches,o) 	 6-40 %	 43%
I
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TABLE III
,Resistance Changes due to Glass Bonding
Kulite Type UFP-500-060 silicon strain gages,
k
bonded with Pyroceram #89
Substrate Material: Nispan C
Beam Firing Unbonded Bonded Resistance
.Number Time Resistance R1 R2
31 10 min 500 0 3860 362	 Q
32 of it 354 358
33 it It 368
34 365 366
35 30 min 500	 0 3150 323 Q
36 of " 327 309
37 It 317
38 it 322 321
40 1 hour 500	 Q 323Q 334	 Q
41 if 338
42 " " 324 -
43 " go -
*Compressive
Strain (uE)
R1 R2
1620 1980
2090 2030
2160 1890
1930 1920
2650 2530
2470 2720
2380 2650
2530 2570
2530 2380
2290 2310
2530 -
2530 -
.* Computed using a gage factor of 140.
I ^-_C
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TABLE TV
Resistance Changes due to Glass Bonding
Kulite Type UFP-500-060 silicon strain gages
bonded with Pyroceram #89
Substrate Material: 440-c Stainless Steel
(Rockwell 54 )
* Compressive
Beam Firing Unbonded Bonded Resistance Strain (ue)
Number Time Resistance R1 R2 R1 R2
15 10 min 500 0 36652 39152 1900 1560
17 11 361 393 1980 1530
18 to " 364 377 1950 1760
19 363 379 1960 1730
120 30 min 500 0 332Q 361Q 2400 1980
21 " 345 346 2200 2200	 1
22 " 344 361 2200 1980
23 334 345 2370 2200
25 1 hour 500	 52 3530 353Q 2100 2100
26 if 347 356 2200 2000
27 If if 367 2200 1900
28 " 358 360 2000 1980
29 352 355 2100 2100
*	 Computed using a gage factor of 140.
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TABLE V
Apparent Temperature Coefficient of Resistance.
Kulite Type UFP-500-060 Semiconductor Strain
Gages Glass Bonded to Nispan C
UNIT FIRING BONDED RESISTANCE BONDED
No. TIME 75-F 175-F T.C.R.
31 10 min. 37552 444&2 18.4%/100oF
to 366 434 18.6
32 " 357 424 18.7
11 360 427 18.5
34 " 368 432 17.4
It 368 433 17.6
36 30 min. 328 389 18.6
if 312 372 19.2
37 if 335 396 18.2
" 319 381 19.4
38 324 387 19.4
11
" 323 385 19.2
40 .1 hour 326 386 18.4
11 335 397 18.2
41 If 407 19.4
11 340 405 19.1
TABLE VI
Apparent Temperature Coefficient of Resistance.
Kulite Type UFP-500-060 Semiconductor Strain Gages
Glass Bonded to 440-C Stainless Steel (Hardened to Rockwell 54)
C
UNIT FIRING BONDED RESISTANCE BONDED
No. TIME 75'T 175—F TCR
15 10 min. 3665 4505 23%/100oF
if 391 477 22.0
17 361 440 22.0
11 393 477 21.4
18 364 445 22.2
11 377 461 22.3
19 363 461 21.6
11 379 448 23.4
20 30 min. 332 409 23.2
1[ 361 440 22.5
21 345 422 22.3
it 346 424 22.5
22 344 422 22.7
It 361 440 21.8
23 334 412 23.4
it 345 422 22.3
25 1 hour 353 430 21.8
it 430 21.8
26 it 425 21.6
11 356 432 21.3
27 " 344 448 22.0
It 367 423 23.0
28 358 435 21.5
of If 360 439 21.9
29 if 352 431 22.5
of of 433 22.0
lr
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TABLE VII
ULTIMATE STRAIN RESULTS
Kulite Type UFP- 500-060 Silicon Strain Gages
bonded with Pyroceram Glass #89
Substrate Material: 440-C Stainless Steel (Rockwell 54)
(refer to Figure 3)
is
Beam Firing
Number Time
15 10 minutes
19 of
20 330 minutes
21 it
25 1 hour
26 it
Ultimate Strain (microinches)
TENSION COMPRESSION
>3900 <4040 >5440
>3900 <4200 >5440
3500 >5440
>3360 <	 J >5440
>4200 <4340 >5440
>4500 <4640 >5440
>	 greater than
<	 less than
I	 (" ,
Load applied is approximately 140 microinch increments until
strain ;age broken or test discontinued. Gage resistance was
monitored and failure observed as a sharp increase in resis-
tance
41
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TABLE VIII
Summary of Test Results of Half-Bridge Transducers
Kulite Type UFP-500-060 Silicon Strain Gages
Glass Bonded to 440-C Stainless Steel. (refer to Figure 3)
APPROXIMATE ZERO
BEAM FULL SCALE OUTPUT RETURN HYSTERESIS NON-LINEARITY
No. STRAIN LEVEL (mv/v) (mv) (%F.S.) (%F.S.)
15 1140 us 90.1mv/v O.Omv .08% 0.6%
17 1120 85.7 0.10 .04 0.6
18 1120 85.6 0.35 .15 0.4
19 1130 90.9 0.15 .04 0.5
20 1130 88.8 0.15 .07 0.4
21 1120 87.0 0.25 07 0.5
22 1110 87.3 0.20 .10 0.5
23 1140 88.0 0.0 .06 0.5
25 1120 85.8 0.15 .06 0.5
26 1120 86.5 0.25 .10 0.4
TABLE IX
Summary of Test Results of Half-Bridge Transducers
Kulite Type UFP -500-060 Silicon Strain Gages
Glass Bonded to Nispan-C.
	
(refer to Figure 3)
APPROXIMATE	 ZERO
BEAM FULL SCALE	 OUTPUT	 RETURN HYSTERESIS ION-LINEARITY
No. STRAIN LEVEL	 (mv/v)	 (mv) (%F.S. ) (%F.S • )
36 1500ue	 127mv/v	 0.25 .02% 0.5%
38 1500	 117	 0.20 .09 0.5
40 1500	 135	 0.15 .07 0.7
41 -1500	 124	 0.20 .03 0.6
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TABLE X
Temperature Characteristics of Uncompensated
Half-Bridge Transducers Using Kulite Type
UCP-120 -090 Silicon Strain Gages Glass Bonded
To 440-C Stainless Steel (3 volts input)
(refer to Figure 6)
UNIT # 60 UNIT # 63
OUTPUT OUTPUT
Temp ( 0F) ZERO LOAD	 1100 uE Net Zero Load 110OPE: Net
t
-20 -9.0 my	+140.7mv 149.7mv -8.2mv +145.6mv 153.8mw
+20 -8.1 139.6 147.7 -7.0 145.0 152.0
+60 -7.0 138.3 1450-4 -5.6 143.6 148.2
+80 -6.8 137.0 143.8 -5.3 142.4 147.7
+100 -6.4 135.8 142.2 -4.9 142.2 147.1
+140 -5.7 133.8 139.5 --4.0 140.8 14448
+180 -4.9 131.0 135.9 -3.3 138.0 141.3
0 4.0 0.0 0 0 0
4 34.2 30.2 0.5 29.8 +0.4
8 64.8 60.8 0.4 59.6 +1.2
12 95.1 91.1 0.2 89.4 +1.7
16 125.5 121.5 0.3 119.2 +2.3
20 156.2 152.2 0.4 149.0 +3.2
24 185.7 181.7 0.2 178.8 +2.9
28 215 211 0 208.6 +2
32 244 240 0 238.4 +2
36 272 268 0 268.2 0
40 302 298 298 0
36 272 268 268.2 0
32 244 240 238.4 +2
28 X15 211 208.6 +2
24 185.5 181.5 178.8 +2.7
20 155.8 151.8 149.0 +2.8
16 125.2 121.2 119.2 +2.0
12 94.9 90.9 89.4 +1.5
8 64.4 60.4 59.6 +0.8
4 33.7 29.7 29.8 0
0 4.0 0.0 0 0 I
TABLE XI
OUTPUT DATA AND CALCULATED HYSTERESIS AND NONLINEARITY,
NASA TRANSDUCER, #S -13 1 TYPE UCP-120-090 SILICON GAGES ON
440 -C STAINLESS STEEL
DEVIATION
NORMALIZED	 LINEARIZED	 FROM
DEFLECTION OUTPUT	 OUTPUT	 HYSTERESIS OUTPUT	 LINEARITY
(mils)	 (mv)	 (mv)	 (mv)	 (mv)	 (mv)
Excitation: 3 Volts
Sensitivity: 298/3 = 99 mv/v at 1500 uE
Hysteresis (Max):	 298 = 0,17% Full Scale
Combined Nonlinear ty 0	 IMax.pos.dev.1 +[Max.neg,,dev
and Hysteresis
	 100 x
	
7 2
Full Scale output_
= 0.5% Full Scale
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OUTPUT DATA AND CALCULATED HYSTERESIS AND NONLINEARITY,
NASA TRANSDUCER #N-6. TYPE UCP-120-090 SILICON GAGES ON
NISPAN C.
DEVIATION
NORMALIZED
DEFLECTION OUTPUT OUTPUT
(mils) (mv) (mv)
0 -9.5 0
4 14.0 23.5
8 38.9 48.4
12 64.4 73.9
16 89.4 98.9
20 115.1 124.6
24 139.5 149.0
28 164.0 173.5
32 188.3 197.8
36 212 221.5
40 235 244.5
36 212 221.5
32 187.1 196.6
28 164.12 173.7
24 138.1 147.6
20 114.7 124.2
16 89.0 98.5
12 63.8 73.3
8 38.5 48.0
4 13.6 23.1
0 -9.3 -0,2
LINEARIZED FROM
HYSTERESIS OUTPUT LINEARITY
(mv) (mv) (mv)
0.2 0 0
0.4 24.5 -1.0
0.4 49.0 -0.6
0.6 73.4 +0.5
0.4 97.9 +1.0,
0.4 122.3 +1.3
1.4 10.7 +2.3
0.2 171.2 +2.3
1.2 195.6 +2.26 220.0 +1.5
244.5 0
220.0 +1.5
195.6 +1.0
171.2 +2.5
L +0.9
122.3 +1.9
97.9 +0.6
73.4 -0.1
49.0 -1.0
24.5 -1.4
0 -0.2
Excitation;	 3 volts
Sensitivity: 244.513	 81.5 mv/v at 1500 pE
Hysteresis (max.):	 1.4_	 0.57% Full Scale244.5
Combined Nonlinearty.	 Max.pos.dev. + Max.neg.dev.
and Hysteresis	 100 X	 2
Full Scale Output
0.8% Full Scale
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XGLOSSARY Or TEP.'1S
GAGE FACTOR: The fractional chance in resistance of a
strain gage per unit strain.
.R
G. F. =	 RE
HYSTERESIS: The maximum difference in electrical output at
anv pressure value within the transducer range, when the
f-	 value is approached first with increasing and trien with
decreasing pressure. It is expressed as a percentage of
the full scale out put at a specified excitation.
NONLINEARITY:	 The maximum deviation of any calibration
point from the corresponding point on a s pecified straight
line, i.e. best fit straight line. It is expressed as a
percentage of the full scale output.
REPEATABILITY: The maximum difference between values of
certain characteristics (sensitivity, zero pressure output,
etc.) obtained by specified repeated uni-directional static
calibrations. It may be expressed as a fractional change
in percent.
^' 1
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THERMAL SENSITIVITY SHIFT: The change in sensitivity due to
a specified change in ambient temperature. It is usually
expressed as a percentage of the sensitivity per unit
temperature change.
THERMAL ZERO SHIFT: The change in zero pressure output due
to a specified change in ambient temperature. It is usually
expressed as a percentage of the full scale output per unit
temperature change.
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